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ABSTRACT
Hα and Hβ spectroscopy with the Wisconsin H-Alpha Mapper (WHAM) reveals a strong concen-
tration of high velocity emission in a ≈ 5◦ × 5◦ area centered near (ℓ, b) = (27◦,−3◦), known as the
Scutum Cloud. The high velocities imply that we are detecting optical emission from near the plane
of the Galaxy out to the tangent point at heliocentric distances of D⊙ & 6 kpc, assuming the gas
participates in circular Galactic rotation. The ratio of the Hα to Hβ emission as a function of velocity
suggests that dust along these lines of sight produces a total visual extinction of AV ≈ 3 at D⊙ ∼ 6
kpc. This makes it possible to use optical emission lines to explore the physical conditions of ionized
gas in the inner Galaxy. At a Galactocentric distance RG ≈ 4 kpc, for example, we find that the
H+ has an rms midplane density of ≈ 1 cm−3 with a vertical scale height of ≈ 300 pc. We also find
evidence for an increase in the flux of Lyman continuum photons and an increase in the ratio of ionized
to neutral hydrogen toward the inner Galaxy. We have extended the measurements of E(B − V ) in
this direction to distances far beyond what has been accessible through stellar photometry and find
E(B−V )/NH to be near the local mean of 1.7 × 10
−22 cm2 mag, with evidence for an increase in this
ratio at RG ≈ 4 kpc. Finally, our observations of [N II] λ6583, [S II] λ6716, and [O III] λ5007 toward
the window reveal that in the inner Galaxy the temperature of the gas and the ionization state of
oxygen increase with increasing height from the midplane.
Subject headings: Galaxy: general—ISM: clouds—dust,extinction—ISM:kinematics and dynamics—
ISM:structure
1. INTRODUCTION
A thorough understanding of interstellar matter and
processes in the Galaxy requires a full exploration of
all phases of the interstellar medium (ISM) in a va-
riety of environments, ranging from the tenuous halo
to the energetic nucleus. Diffuse, warm ionized gas
is one of the major phases of the ISM of our Galaxy
(see reviews by Kulkarni & Heiles 1987; Reynolds 1991a;
Mathis 2000; Ferrie`re 2001). In the solar neighborhood,
the warm ionized medium (WIM) consists of regions of
warm (104 K), low-density (10−1 cm−3), nearly fully
ionized hydrogen with a scale height of 1 kpc, and ap-
pears to be present in every direction in the sky (e.g.,
Reynolds 1991b; Nordgren et al. 1992; Taylor & Cordes
1993; Haffner et al. 2003). However, the origin and phys-
ical conditions within the WIM remain poorly under-
stood. Recent observational studies of the WIM in the
solar neighborhood and in the Perseus spiral arm of the
Galaxy highlight some of the problems, including how
Lyman continuum photons are able to penetrate the
seemingly ubiquitous H I to ionize the large-scale WIM,
and the inability of photoionization models to explain
some of the optical line ratios (e.g., Haffner et al. 1999;
Domgorgen & Mathis 1994; Hoopes & Walterbos 2003).
Furthermore, the temperature and ionization conditions
of diffuse ionized gas in the inner Galaxy are likely to
differ significantly from the local conditions, given its
higher star-formation rate, larger pressure, and stronger
UV flux (Heiles et al. 1996a,b; Roshi & Anantharamaiah
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2001). The presence of the inner Galactic molecular ring
(Dame et al. 2001), for example, suggests that significant
star formation is occurring interior to the solar circle.
Investigations of ionized gas through optical emission
lines toward the inner Galaxy, especially those regions
close to the midplane where the ionizing stars are lo-
cated, were thought to be prohibitive because inter-
stellar dust severely obscures most of the optical light.
As a result, studies of optical and ultraviolet emission
sources near the plane are largely constrained to the
nearest few kiloparsecs. A potential alternative to op-
tical studies of ionized gas in the inner Galaxy is pro-
vided through radio recombination lines (RRLs), free-
free emission, and infrared emission, which penetrate
the interstellar dust. However, the current sensitivity of
RRL and free-free surveys limits these studies to only the
brightest regions of ionized gas, with emission measures
greater than ∼ 500 cm−6 pc (Heiles et al. 1996b). In ad-
dition, diffuse emission from RRLs may need to be cor-
rected for high n-level effects in order to derive accurate
physical properties of the gas, which may be difficult to
estimate (Afflerbach et al. 1996; Brocklehurst & Seaton
1972; Shaver 1980). Free-free continuum emission con-
tains no kinematic information, making it difficult to de-
termine the variations in the properties of the ionized
gas along the line of sight. Techniques for the detec-
tion and study of infrared emission lines from diffuse ion-
ized gas are under development and are currently limited
to emission from hydrogen (Kutyrev et al. 2003). Opti-
cal emission line studies, on the other hand, are sensi-
tive to much lower apparent emission measures, down
to . 0.02 cm−6 pc (Madsen et al. 2001; Weymann et al.
2001; Gallagher et al. 2003), and often include lines from
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a variety of ions from which physical properties of the gas
may be inferred. They also have the advantage of being
relatively strong and providing velocity information. The
principal problem with optical lines is their sensitivity to
interstellar extinction.
To overcome this shortcoming, we can take advan-
tage of the highly non-uniform distribution of interstellar
dust, which allows us to see further into the plane at some
locations compared to others. Baade’s Window, for ex-
ample, is a well known region of relatively low extinction,
about 1◦ in size, centered near (ℓ, b) = (1◦,−4◦) (Baade
1963). With a total A(V ) of only ∼ 1.5 out to the center
of the Galaxy (Stanek 1996), this piece of sky has been
the focus of numerous UV, optical, and IR stellar photo-
metric and spectroscopic investigations used to infer the
properties of the Galactic bulge (see review by Frogel
1988). While its small Galactic longitude makes Baade’s
window well suited for studies of the bulge, the lack of a
radial velocity spread toward this direction makes emis-
sion line studies of the interstellar medium along the line
of sight problematic.
Another much larger, and more suitable, window for
ISM studies lies in the direction of the so called ‘Scutum
Star Cloud’. This ∼ 5◦ diameter ‘cloud’, centered near
(ℓ, b) = (27◦,−3◦), is one of the optically brightest re-
gions of the Galaxy. Its unusually high apparent stellar
density led early astronomers to believe it was a region
with an enhanced concentration of stars. Subsequently,
UV, optical, and IR spectrophotometry of these stars
have shown that this area has unusually low extinction,
with an A(V ) ≈ 2 out to a distance of 2 kpc (Albers 1962;
Karaali et al. 1985; Reichen et al. 1990). The presence of
moderate and high velocity emission resulting from dif-
ferential Galactic rotation, and the observational imprint
of dust clouds toward this ‘cloud’, are evident in the re-
cently completed WHAM survey of the northern sky in
Hα (WHAM-NSS, Haffner et al. 2003). Figure 1 pro-
vides an Hα map from this survey showing the emission
at velocities vLSR between +35 km s
−1 and +65 km s−1
toward the inner Galaxy. The Hα emission is given in
units of Rayleighs2. In this general direction, these veloc-
ities correspond to emission from the Sagittarius spiral
arm of the Milky Way, which is at a distance of about
2–3 kpc (Taylor & Cordes 1993). The large dark feature
extending from (ℓ, b) = (50◦, 0◦) to (ℓ, b) = (20◦,+10◦) is
the Aquila rift, a well-known, nearby dust cloud (d ≈ 250
pc, Straizˇys et al. 2003), which is obscuring the emission
behind it with vLSR & +25 kms
−1.
The three spectra underneath the emission line map
in Figure 1 show more clearly the effect of extinction by
dust. The middle spectrum, toward the Scutum cloud,
shows not only emission from the local neighborhood (0
km s−1) and the Sagittarius spiral arm (≈ +50 km s−1),
but the more distant emission from the Scutum spiral
arm (≈ +75 km s−1) and all the way out to the tangent
point velocity (≈ +100 km s−1). The lack of detectable
emission at some of these velocities in the other two di-
rections is believed to be caused by the inhomogeneous
distribution of interstellar dust. Assuming that ionized
gas resides in the Sagittarius spiral arms at an l ≈ 40◦,
the leftmost spectrum shows only the weak emission from
2 1R = 106/4π photons cm−2 s−1 str−1 = 2.4 ×
10−7 erg cm−2 s−1 str−1 at Hα
nearby interstellar gas in front of the Aquila rift. The
rightmost spectrum is in a direction which crosses both
the Sagittarius and Scutum arms, and shows only emis-
sion from local sources and the Sagittarius arm, with
dust extinguishing the emission at larger distances. The
green box in the emission map outlines the low extinc-
tion window, which shows emission all the way out to the
tangent point velocity. Of course, the Hα data alone are
not enough to confirm that this picture of the distribu-
tion of dust along these lines of sight is correct, or that
we are detecting emission at large heliocentric distances.
The combination of the Hα and Hβ spectra that extend
out beyond the tangent point velocity can verify that in-
creased extinction is indeed associated with the emission
at increasingly positive velocities.
Here, we report on the detection of high velocity Hα
and Hβ emission from the warm, diffuse ionized gas to-
ward the inner Galaxy, including directions toward the
Scutum Cloud, and we investigate the nature of the dif-
fuse ISM toward this unique window. We describe our
spectroscopic observations in §2, with particular empha-
sis on the importance of removing atmospheric lines that
contaminate the spectra. We present these results in §3,
confirming the presence of high velocity Hα and Hβ emis-
sion and discussing their relative strengths. A method
for estimating the extinction toward this window, based
on the Hα and Hβ spectra, is discussed in §4. In §5,
we correct the Hα emission for this extinction and in-
fer some intrinsic properties of the ionized gas, including
its density and scale height. A comparison between the
diffuse Hα and H I emission in this window is presented
in §6, including estimates of the relative column densi-
ties and flux of ionizing photons in the inner Galaxy.
We compare our extinction measurements with the stan-
dard, empirical relationship between E(B − V ) and NH
along these lines of sight in §7. We discuss observations
of [N II] λ6583, [S II] λ6716, and [O III] λ5007 toward a
small number of directions in the window and infer some
basic physical properties of the ionized gas in §8. We
summarize our results in §9.
2. OBSERVATIONS
All of the observations were carried out with the
Wisconsin H-Alpha Mapper (WHAM) spectrometer.
WHAM consists of a 0.6 m siderostat coupled to a
15 cm dual-etalon Fabry-Perot system (Tufte 1997;
Haffner et al. 2003) and produces an optical spectrum
integrated over its circular, 1◦ diameter field of view at
a spectral resolution of 12 kms−1 within a 200 km s−1
wide spectral window that can be centered on any wave-
length between 4800 and 7400 A˚. WHAM was specifi-
cally designed to detect very faint optical emission lines
from the diffuse interstellar medium. It is located at the
Kitt Peak National Observatory in Arizona and is com-
pletely remotely operated fromMadison, Wisconsin. The
WHAM Northern Sky Survey (WHAM-NSS), carried out
between 1997 January and 2000 April, has mapped the
entire northern sky (δ > −30◦) in Hα within ≈ ± 100
kms−1 of the local standard of rest (Haffner et al. 2003).
One of the many intriguing results from the WHAM-
NSS is the significant amount of Hα emission that ap-
pears to extend beyond the Survey’s positive velocity
limit (vLSR ≈ +100 kms
−1) in a region with 33◦ <
l < 20◦,−5◦ < b < 0◦, particularly in the general
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direction of the Scutum Cloud. This prompted fol-
lowup Hα observations obtained between 2002 May and
2002 August that extended the original velocity cover-
age out to vLSR = +150 km s
−1 over an area within
5◦ < l < 40◦,−5◦ < b < +5◦. Because these veloc-
ities suggested that this emission may be arising from
the inner Galaxy, we also obtained Hβ observations to-
ward the same area over the same velocity interval. The
Hβ data allows us to quantify the total extinction and
the variations of extinction with velocity along the line
of sight, and to verify that the emission is arising from
large heliocentric distances.
These new observations were taken in the same man-
ner as the original Survey data (Haffner et al. 2003).
The observed region was divided into eight observational
‘blocks’, with each block covering a ≈ 7◦×7◦ area. Each
direction was observed once in Hα and once in Hβ for 30
sec and 60 sec, respectively. Additionally, 13 individually
pointed directions, those which showed the strongest ev-
idence of high-velocity Hα emission, were observed with
twice the above exposure times to obtain a higher signal-
to-noise ratio. These same 13 directions were also ob-
served in the lines of [N II], [S II], and [O III].
All of the spectra were contaminated by several weak
atmospheric emission lines that tarnish the interstellar
Galactic spectra (Hausen et al. 2002). The identification
and removal of these terrestrial lines from the spectra is
essential in order to compare accurately the spectral pro-
files and relative strengths of the components. In partic-
ular, the Hα and Hβ spectra are affected by the relatively
bright Hα and Hβ geocoronal emission lines, produced
by the excitation of neutral hydrogen in the Earth’s at-
mosphere from scattered solar Lyβ and Lyγ photons,
respectively. An additional challenge in the data re-
duction was the difficulty in characterizing the contin-
uum, because both interstellar and terrestrial emissions
are present almost everywhere across the 200 km s−1
spectral window. For each spectrum, a least-squares fit
was performed, which consisted of the the sum of a linear
continuum, atmospheric lines, and the Galactic emission.
The determination of the best fit parameters for each of
these components of the spectrum, and the subsequent
removal of the contaminating atmospheric lines and the
continuum, is outlined below for the Hα, Hβ, and other
emission line data separately. A more detailed discussion
of the data reduction procedure of WHAM data can be
found in Haffner et al. (2003).
Another source of systematic uncertainty is the shape
of the underlying continuum due to stellar Fraunhofer
lines that may be present in diffuse starlight. This effect
has yet to be studied quantitatively. The large natu-
ral width of the strongest stellar lines, as well as the
kinematic broadening along a line of sight, reduces the
magnitude of this effect. We see no evidence for signifi-
cant absorption in our spectra, and have not attempted
to make a correction for this effect.
Because of our interest in the ratio of the Hα to Hβ
emission as a function of velocity, calibrating the inten-
sities of the two sets of data is important. The Hα
spectra were calibrated using synoptic observations of
a portion of the North America Nebula (NAN), which
has an Hα surface brightness of IHα= 800 R (Scherb
1981; Haffner et al. 2003). The Hβ spectra were cali-
brated by separate Hα and Hβ observations of part of
the large H II region surrounding Spica (α Vir), a nearby
B1 III star. In the absence of extinction, the photon
number ratio of IHα to IHβ from photoionized gas at a
temperature of T = 8000 K is 3.94, set by the ‘Case
B’ recombination cascade of hydrogen (Osterbrock 1989;
Hummer & Storey 1987). We assume that the emission
from the Spica H II region suffers no extinction because
of its proximity (d ≈ 80 pc; Perryman et al. 1997), high
Galactic latitude b ≈ +50◦, and the low interstellar hy-
drogen column density, 1.0 × 1019 cm−2, to the excit-
ing star (York & Rogerson 1976). Combining observa-
tions of the Spica H II region with NAN, we obtained
a IHα/IHβ photon ratio of 5.1 toward NAN, consistent
with observations of extinction toward stars in the neb-
ula (Cambre´sy et al. 2002). All of the Hβ spectra were
then calibrated assuming an IHβ= 800/5.1 R = 157 R
for NAN. In addition, multiple observations of standard
calibration directions were observed at different zenith
distances to estimate the nightly transmittance of the at-
mosphere, allowing an airmass correction to be applied
to data.
In order to compare accurately the strengths of [N II],
[S II], and [O III] with Hα we needed to apply an ad-
ditional correction for the difference in transmission of
the WHAM instrument at the wavelengths of these lines.
This was done by using the Hα and Hβ calibration, and
assuming that the change in instrumental transmission is
linear with wavelength. This correction is largest for the
[O III] data (36%), and very small for [S II] and [N II] (3%
and < 1%, respectively). The systematic uncertainty in
the response of the spectrometer at the different wave-
lengths was not formally calculated, and may not vary
linearly with wavelength. However, this level of this un-
certainty is below the precision of the physical conditions
inferred by the data and discussed in §8. In addition,
changes in the ratios of these lines, which reflect trends
in the physical conditions, are not significantly affected
by this source of uncertainty.
2.1. Hα Data
The geocoronal Hα emission line is the primary con-
taminant of the Hα data, with an intensity of IHα ≈
5− 10 R that varies with the height of the Earth’s solar
shadow along the line of sight (Nossal et al. 2001). The
line has a narrow width of 5−7 km s−1 (FWHM), signif-
icantly narrower than the 12 km s−1 spectral resolution
of WHAM, and it is at rest with respect to the geo-
centric reference frame. The wavelength of this photo-
excited transition is slightly different from that of the
Hα produced by recombination (Nossal et al. 2001). For
these observations, the geocoronal Hα line was signif-
icantly brighter than the relatively wide (≈ 25 km s−1)
Galactic emission features, facilitating the use of the geo-
coronal line as a velocity calibration in each spectrum.
However, the motion of the Earth with respect to the lo-
cal standard of rest (LSR), for the directions and times of
these observations, placed the geocoronal line at a veloc-
ity vLSR between +20 km s
−1 and +40 km s−1, obscur-
ing the Galactic emission at these velocities. To remove
this geocoronal emission from each spectrum, we mod-
eled it as a single, narrow Gaussian. A first estimate of
the strength of the line was provided by visual inspection
of the spectrum and theoretical models of the geocoronal
line intensity (S. Nossal, private communication).
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Several fainter atmospheric lines were also present in
every spectrum. These lines have been well characterized
through observations near the Lockman window, the di-
rection with the faintest Galactic Hα and H I emission
in the sky (Lockman et al. 1986; Hausen et al. 2002).
These lines are fixed in a geocentric velocity frame, have
narrow widths of ≈ 5 km s−1, and typical intensities of
I < 0.2 R. The intensity of the lines varies proportion-
ally with the airmass of the observation, and their rel-
ative strengths are observed to remain fixed. To cor-
rect each spectrum for this effect, we followed a proce-
dure similar to that for the WHAM-NSS reduction. We
used a single atmospheric line template based on data
from Haffner et al. (2003), with one number, a scaling
factor, parameterizing the underlying atmospheric line
spectrum.
The remaining artifact to be removed from the spectra
is the continuum. As mentioned above, some of the spec-
tra have emission that extends almost all the way across
the entire 200 km s−1 window. As a result, estimat-
ing the location of the continuum was difficult, and this
significantly contributes to the overall uncertainty of the
resulting interstellar emission profiles. We assume that
the continuum is linear in shape Haffner et al. (2003),
and took advantage of the fact that most of the spectra
suffer from relatively high extinction, and do not appear
to contain high-velocity Galactic emission from the more
distant gas. These spectral regions, which spanned & 50
km s−1, were used to estimate the zero point and slope
of the continuum, and were consistent with the range
of values found for the WHAM-NSS data Haffner et al.
(2003). To estimate the continuum for the spectra that
do exhibit high-velocity emission, an average value of the
slope and continuum for spectra within the same block,
or nearby block observed on the same night, was used.
However, the continuum level and slope is set by the at-
mosphere as well as the amount of starlight within the
beam, which varies from one direction to another.
To remove all of these features from the data, we took
additional advantage of the fact that each direction had
already been observed once before in Hα during the com-
pletion of the WHAM-NSS. These survey spectra have
been intensity calibrated and corrected for atmospheric
and continuum emission in a more systematic and com-
plete manner, providing an excellent reference for the
newer data. The Survey data were also taken at a time
when the Earth’s motion through the LSR placed the
geocoronal line at a different velocity in the Galactic
spectrum compared to the newer data. We simultane-
ously fitted a geocoronal line, continuum, atmospheric
line template, and wide (FWHM = 25 km s−1) Galactic
emission components to each spectrum. The parameters
of the fit were first estimated as discussed above. The
best fit continuum and atmospheric emission lines were
then subtracted, and the resultant pure Galactic spec-
trum was compared to the corresponding Survey spec-
trum at the overlapping velocities (−50 km s−1 . vLSR .
+100 km s−1). Small adjustments (generally less than
10%) were then made to the strength of the geocoronal
line, the scaling factor for the weaker atmospheric lines,
and the shape of the continuum to match the shape of
the corresponding Survey spectrum. The remaining dif-
ference between the newer data and the Survey spectrum,
although small (< 10%), form the largest part of the un-
certainty in the Hα data. This systematic source of error
comes from small changes in the sensitivity and flat-field
of the instrument over a period of ∼ 4 years between
when the Survey data and the newer data were taken.
2.2. Hβ Data
The Hβ data were corrected in a similar manner as
the Hα. Each spectrum was modeled as the sum of a
linear continuum, a narrow geocoronal Hβ line, weak at-
mospheric lines, and Galactic emission. However, there
were no pre-existing, calibrated Hβ data with which to
compare these data. As a result, we were unable to re-
move the atmospheric contaminants and continuum with
same accuracy as the Hα data.
The geocoronal Hβ line is about 10 times fainter than
the geocoronal Hα line (Mierkiewicz 2002). With IHβ ≈
0.5 − 1.0 R, it is about as strong as the Galactic Hβ
emission components, making its precise position more
difficult to determine and thus complicating the removal
of the line. A first estimate of the strength and position
of the geocoronal Hβ line was made by a least-squares
free fit to the spectra. A template of the weaker atmo-
spheric lines was constructed from Hβ observations near
the Lockman window, as was done for the Hα data. A
single scaling factor was then used to characterize the
strength and position of these atmospheric lines in the
spectra. Identifying the continuum proved to be the most
uncertain aspect of the Hβ data reduction. Lacking any
pre-existing Hβ observations, we adopted three values
of the continuum that corresponded to a) the best fit
to each spectrum and b) upper and lower limits as sug-
gested by the data itself. The best fit was one that mini-
mized χ2, and the upper and lower limits placed the data
points in the flat portions of the spectra entirely below
and above the continuum, respectively. This conserva-
tive estimate for the continuum uncertainty was incor-
porated into the overall error estimates, and represents
the largest uncertainty in the results.
A model fit to each spectrum was then used to remove
the continuum and atmospheric emission lines, as was
done for the Hα data. Initial estimates of the parame-
ters of the fit were further constrained by examining the
ratio of the Hα to Hβ spectra. If the gas is photoionized,
then this ratio should remain constant or increase with
velocity or path length, corresponding to a constant or
increasing amount of dust along the line of sight. Small
changes (≈ 10%) were made to the strength of the geo-
coronal and atmospheric lines to ensure that the ratio did
not decrease, within the uncertainties, over small veloc-
ity intervals that corresponded to the position and widths
of the atmospheric lines. The small changes were within
the generally observed fluctuations in atmospheric line
intensity over the timescale of the observations.
2.3. [N II], [S II], and [O III] Data
Thirteen sightlines were observed in the additional
lines of [N II] λ6583, [S II] λ6716, and [O III] λ5007.
These sightlines were chosen based on a preliminary ex-
amination of the Hα data that showed the strongest ev-
idence for bright Hα emission at high velocity. The rel-
ative strengths of these lines with respect to Hα can be
used to estimate the physical conditions of the emitting
gas, and to search for potential changes in physical con-
ditions with position in the Galaxy. The quality of these
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data are not as high as the Hα and Hβ data. How-
ever, they allow us to search for important trends in
the line ratios and demonstrate the feasibility of a fu-
ture, more extensive observational campaign to explore
physical conditions in the inner Galaxy through nebular
emission line diagnostic techniques.
The [N II] and [S II] spectra were reduced in a simi-
lar manner as the Hα and Hβ. They were all taken on
one night, with each sightline observed once for 180 sec.
Each observation covered a velocity interval between -50
km s−1 and +150 km s−1 LSR. To remove the atmo-
spheric lines from these spectra, a template was used as
discussed in §2.1. Emission was present across almost
the entire spectrum, and therefore the location of the
baseline was difficult to determine. The strength of the
Galactic emission was always significantly stronger than
the . 0.1 R atmospheric lines; therefore, while estimat-
ing the strength of the atmospheric lines was difficult, the
error resulting from this uncertainty was small. To deter-
mine these parameters, a least-squares fit to the spectra
was performed, where the strength of the template and
location of the baseline were changed to minimize the χ2
of the fit. The baseline and template was then subtracted
from the spectra. Since the atmospheric lines were much
fainter than the Galactic emission, the resulting inter-
stellar emission line profiles are not very sensitive to the
particular choice of template strength.
The [O III] data were taken at two different tunes (i.e.,
two different positions for the center of the spectrome-
ter’s 200 km s−1 passband) to extend the velocity cov-
erage beyond 200 km s−1 and to help in characterizing
the baseline. Each direction was observed twice at each
tune for 120 sec at a time. The spectra for each sight-
line at a given tune were averaged together, with the
spectra at the different tunes stitched together. The ve-
locity calibration was determined using a semi-empirical
prediction based on the pressures of the two etalons. An
attempt was made to remove the atmospheric lines based
on a template. However, for several spectra the Galactic
emission intensity was only comparable to or less than
the atmospheric lines, so that small variations in the
unknown strength of the atmospheric lines yielded very
large uncertainties in the Galactic emission. Therefore,
for the [O III] spectra, we adopted an ON-OFF tech-
nique, whereby we subtracted one of the [O III] spec-
tra from the rest of the spectra. The OFF spectrum
that was subtracted from the other spectra was toward
(28◦, -2.6◦). This direction is close to the Galactic plane
where the Hα and Hβ data suggested the A(V ) is high,
and therefore the Galactic [O III] emission is likely very
weak, particularly from the Sagittarius and Scutum arms
at vLSR & 50 km s
−1. Since this spectrum was taken
close to the other spectra in space and time, the atmo-
spheric lines were accurately removed by this subtrac-
tion. This technique underestimates the Galactic [O III]
emission, particularly near the LSR, since there may be
some Galactic emission toward the OFF direction.
3. DIFFUSE, OPTICAL EMISSION FROM THE INNER
GALAXY
The spatial distribution of the highest velocity Hα
and Hβ emission is shown in Figure 2. These velocity
channel maps cover a smaller area than shown in Fig-
ure 1 and highlight the region surrounding the low ex-
tinction window. Both of the maps display emission in-
tegrated over the velocity range of +85 km s−1 < vLSR <
+115 km s−1, revealing a bright region centered near
(ℓ, b) = (27◦,−3◦). The color scaling in Figure 2 has
been histogram equalized to enhance the contrast of the
features in the map. The morphology of the Hα and Hβ
maps are very similar, with a faint halo of emission ex-
tending to the south of the brightest knot, and a patchy
filament of emission near l = 33◦. The spectra toward
this bright region, at longitudes l & 22◦, reveal distinct
emission components centered near vLSR ≈ +80 km s
−1
(see Figure 3). The patchy spots of high velocity emission
at lower longitudes (15◦ < l < 20◦), closer to the Galac-
tic center, are from the wings of much stronger emission
centered at lower velocities. At these high velocities, the
Hβ emission relative to the Hα emission is about 2.5
times fainter than that predicted for ionized gas with no
extinction (Osterbrock 1989; Hummer & Storey 1987),
indicating a higher extinction for this gas compared to
gas at lower velocities. (see §4 below).
A combination of spatial and spectral information
about this high velocity emission is shown in Figure 3.
Fifty one directions were selected as having significant
emission beyond vLSR= +85 km s
−1, based on a vi-
sual inspection of Figure 2. The Hα and Hβ spectra
toward each of these 51 directions is shown, with their
position within this figure given by their Galactic co-
ordinates. The horizontal axis of each spectrum is the
radial velocity vLSR, spanning a range of −50 km s
−1 <
vLSR < +150 km s
−1 for each spectrum. The vertical
axes are in arbitrary units, and determined individually
from the intrinsic brightness of the lines. In two cases,
no reliable Hβ spectra were available and are omitted
from the figure. The Hβ spectra are represented by the
weaker, noisier dark lines, and have been multiplied by
3.94, the expected IHα/IHβ photon ratio in the absence
of extinction. Most spectra have two strong, discrete
emission features, centered near vLSR ≈ +50 km s
−1 and
vLSR ≈ +80 kms
−1. The Hα and Hβ spectra decrease in
intensity away from the Galactic plane, and the relative
strengths of the Hα and Hβ lines also show that there is
less extinction farther from the plane and at lower veloc-
ities.
A formal multi-component fit was also made to each of
the Hα spectra in Figure 3, from which additional infor-
mation about the nature of the emission and extinction
within the window was obtained (see §4 below). Each
reduced spectrum was modeled as the sum of multiple
Gaussian components, using a χ2 minimization scheme
similar to the data reduction procedure in §2. The fit-
ted velocity of each component was recorded, and a his-
togram of those velocities appears in Figure 4. On aver-
age, five components were required for a good fit to each
spectrum. The full-width half-max (FWHM) of each
component was fixed at 25 km s−1. This is the typical
width of an Hα line in the WHAM-NSS, and is a combi-
nation of thermal (≈ 20 km s−1 at Te = 10
4 K) and non-
thermal (≈ 15 km s−1) broadening (Haffner et al. 2003).
The structure of the histogram was not significantly al-
tered when we allowed the widths of the components to
be a free parameter, but not fixing the widths did com-
plicate the fitting procedure, especially for faint, overlap-
ping components. The width of the bins in Figure 4 is
12.5 km s−1, half of the FWHM of the components and
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also the approximate spectral resolution of the WHAM
instrument.
The histogram in Figure 4 reveals a strong peak near
vLSR = 0 km s
−1, which is emission from the local so-
lar neighborhood. It is interesting to note that the peak
is slightly red-shifted, consistent with the gas being just
interior to the solar circle at these longitudes following a
flat rotation curve. There is a second peak near vLSR =
+45 kms−1, which can be interpreted as emission from
the Sagittarius spiral arm. Beyond vLSR ≈ +50 km s
−1,
there is a wide range of velocities all the way out to
the tangent point velocity (≈ +110 km s−1). There is
marginal evidence for a concentration of velocity peaks
near vLSR = +70 km s
−1, the expected kinematic sig-
nature of the Scutum spiral arm. The small number of
velocity peaks at vLSR ≥ +120 km s
−1 beyond the tan-
gent point velocity are associated with very faint (. 0.1
R) emission and were necessary for a good fit to the data.
We note, however, these components may not be physi-
cal, and could be part of a higher velocity tail of emission
from components at lower velocities with widths greater
than 25 km s−1. On the other hand, at least some of
these highest velocity components do appear to be asso-
ciated with gas near the tangent point but with a velocity
in excess of that associated with circular rotation (e.g.,
Lockman 2002a).
4. MEASURING EXTINCTION
4.1. Formalism
To characterize further the nature of this high-velocity
emission region, we combined the Hα and Hβ data to ex-
amine the role of dust extinction along each line of sight.
An optically thin photoionized gas at a temperature
Te = 8000 K has an intrinsic line ratio of IHα/IHβ = 3.94
in photon units (Osterbrock 1989; Hummer & Storey
1987); this ratio is only weakly dependent on temper-
ature (∝ T 0.07) and density. Hydrogen gas ionized by
other processes, such as shocks, will not emit Hα and Hβ
photons in the ratio given above. However, strong shocks
from rare supernovae and weaker shocks from spiral arms
do not provide enough power to sustain the ionization ob-
served in the general WIM (Reynolds 1990), and there-
fore we will assume that the diffuse gas observed here is
photoionized, and that the recombination ratio IHα/IHβ
can be used to infer the extinction.
Consider a line of sight with an optical depth τHα at
Hα and τHβ at Hβ out to a point source of emission with
an intrinsic brightness IHα,int at Hα and IHβ,int at Hβ.
The ratio of the intensities of the two observed lines is
IHα
IHβ
=
IHα,int e
−τHα
IHβ,int e−τHβ
(1)
We replace the intrinsic line ratio IHα,int/IHβ,int with
3.94 from above, to obtain
ln(
IHα/IHβ
3.94
)= τHβ − τHα (2)
= τHβ (1−
τHα
τHβ
). (3)
The ratio of τHα/τHβ depends on the detailed absorption
and scattering characteristics of the dust along the line
of sight. However, extinction curves measured in the dif-
fuse ISM of the Galaxy suggest that a fairly well defined
relationship exists between the ratio of extinction at one
wavelength compared to another. Cardelli et al. (1989),
for example, have developed semi-analytical fits to ob-
served extinction curves which parameterizes these ratios
through a single scaling factor, the total-to-selective ex-
tinction ratio RV = A(V )/E(B − V ). For an RV = 3.1,
typical of the diffuse ISM, the ratio of the optical depths
τHα/τHβ = 0.70. To convert the optical depth at Hβ to
the more standard quantity of extinction in the Johnson
V band, we note that the ratio of optical depths τHβ/τV
= 1.16. With the above relationships, and converting τV
into magnitudes of extinction A(V ) through the relation
A(V ) = 1.086 τV , we obtain A(V ) as a function of the
observed IHα/IHβ line ratio:
A(V ) = 3.12 ln(
IHα/IHβ
3.94
). (4)
Note that observations of IHα and IHβ are equiva-
lent to the color excess, or the relative extinction, of
the emitting gas. Using equation (2) with the defini-
tion of color excess, we see that ln[(IHα/IHβ)/3.94] =
(1/1.086) E(Hβ − Hα). Normalized extinction curves
in the Galaxy, which quantify the relationship between
A(λ) and 1/λ, are linear at optical wavelengths, and the
slope of this line in the optical is not very sensitive to RV
(see review by Fitzpatrick 2004). Therefore, since the dif-
ference in the inverse wavelengths between Hα and Hβ,
is about the same as the difference between the John-
son B and V bands, the color excess E(Hβ − Hα) is
similar in value to the commonly measured color excess
E(B−V ). Using the analytic formalism of Cardelli et al.
(1989), the ratio of the two color excesses are
E(Hα−Hβ)
E(B − V )
= 0.12RV + 0.73 (5)
Thus E(Hα−Hβ) and E(B−V ) differ only by 10% for
an RV = 3.1, and never depart from each other by more
than 30% for all values of RV in the Galaxy (2 < RV <
5). As a result, observations of IHα/IHβ can be used to
infer the equivalent value of the color excess E(B − V )
with an uncertainty of ≈ 10%. However, a value of RV is
required in order to quantify the total extinction to the
emitting source, A(V ).
We note that there is growing evidence that RV may
be systematically lower in the inner Galaxy (Popowski
2000; Udalski 2003). Hα, Hβ, and radio observations of
planetary nebulae toward the Galactic bulge suggest that
RV may be as low as 2.0 (Walton et al. 1993; Ruffle et al.
2004). However, there is considerable uncertainty in the
distances to these PNe, their association with the bulge,
and the derived values of RV . Our discussion of A(V )
below assumes a standard RV = 3.1, but we note that
this value may decrease with Galactocentric radius.
4.2. Caveats
The discussion above holds true in cases where the Hα
and Hβ emission comes from a point source and is subse-
quently removed from the observer’s beam through dust
absorption and scattering out of the line of sight. Our ob-
servations, however, are of diffuse emission. In this case,
dust can scatter diffuse light originating from another
direction back into our 1◦ diameter beam and IHα/IHβ
is a measure of the attenuation rather than extinction.
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This scattering effect complicates the conversion between
the observed IHα/IHβ line ratio and the standard defini-
tion of interstellar extinction. In order to quantify this
effect accurately, detailed radiative transfer models are
required, which incorporate the (unknown) distribution
of dust and emission, as well as poorly-constrained dust
scattering properties (e.g., Mathis 1983; Gordon 2004).
However, this effect is expected to be minimal for emis-
sion sources that subtend solid angles that are small com-
pared to the typical scattering angle, which is ∼ 50◦ in
the optical (Gordon 2004). Consider a patch of emission
in the sky at some distance, with diffuse emission isolated
to only that patch in the sky. The solid angle subtended
by this emission, as viewed from an average dust parti-
cle between the observer and the source, is small. For
a patch of emission with an angular diameter of a few
degrees, at a distance of a few kiloparsecs, almost all
of the dust along the line of sight absorbs and scatters
the emission as if it were coming from a point source.
As a result, the relationship between A(V ) and IHα/IHβ
in equation (4) is accurate for measurements toward re-
gions in which the Hα and Hβ emission region is limited
to a small region of the sky, with the intervening dust
distributed along a large heliocentric distance, as is the
case with the high velocity emission toward the Scutum
cloud. This accuracy diminishes with decreasing distance
between the observer and the source, such as for the very
extended emission from the local neighborhood near vLSR
= 0 km s−1.
There is an additional complication that must be con-
sidered in the relation between IHα/IHβ and A(V ). In
equation (4), IHα and IHβ represent the total emission
from a source, obtained by integrating the total number
of Hα and Hβ photons emitted from a single interstel-
lar cloud at some distance, from which an A(V ) to the
cloud may be measured. However, our observations are
of emission along an extended line of sight with sources
at different velocities (distances). Each line of sight in-
tersects multiple parcels of warm ionized gas, such as
spiral arms, and each parcel has a FWHM ≈ 25 km s−1.
Isolating which photons are coming from which ‘cloud’
becomes formidable if the clouds are not sufficiently sep-
arated in velocity. Therefore care must be taken in in-
terpreting the value of A(V ) at any one velocity point,
especially at a velocity between well-defined peaks in the
emission line profile or for profiles in which no strong
peaks can be identified. In this case, the average value
of A(V ) over a velocity interval corresponding to the ex-
pected width of the line is more representative of the
actual value of A(V ).
4.3. Verification
We can verify the relationship between IHα/IHβ and
extinction by comparing our estimates of E(B−V ) with
direct measurements from stellar spectrophotometry in
the same region of the Galaxy. Reichen et al. (1990)
used a wide-field, balloon-borne UV imager to study a
6◦ region centered on the Scutum cloud. Using a combi-
nation of photometric and spectroscopic distances, they
mapped out the changes in E(B − V ) with distance to-
ward stars they detected in the UV. They identified a
low extinction window within their 6◦ field, which is co-
incident with the directions in which we see high-velocity
Hα and Hβ emission. The average of nine WHAM Hα
and Hβ spectra that lie in this window, as defined by
Reichen et al. (1990), is shown in the top panel of Fig-
ure 5.
The shaded regions around the Hα and Hβ spectrum
in Figure 5 represent the maximum extent of the uncer-
tainty in the data, combining random and systematic un-
certainties. Since the uncertainty in the Hα data comes
primarily from systematic uncertainty in the calibration,
the uncertainty in one spectrum is correlated with the
uncertainty in another. Therefore, the uncertainty in the
average Hα spectrum shown in Figure 5 was estimated
by taking the difference between the average of the up-
per limits and the average of the lower limits of all of the
spectra. The uncertainty in the Hβ spectra, on the other
hand, comes primarily from the uncertainty in the loca-
tion of the continuum. Assuming that the uncertainty in
the location of this baseline is uncorrelated from one di-
rection to another, we estimated the overall uncertainty
in the average spectrum to be the average uncertainty of
the continuum placement divided by the square root of
the number of spectra (9) used to construct the Hβ spec-
trum in Figure 5. This same method is used for of the
all of figures in the paper in which average Hα and Hβ
spectra appear. It is important to note that the shaded
regions do not represent Poisson errors, but rather the
maximum allowable values of the data, given the random
and systematic uncertainties.
The bottom panel of Figure 5 shows our inferred val-
ues of the color excess E(B − V ) as a function of ve-
locity, using RV = 3.1. The shaded region around
the dark line is the uncertainty in our inferred value of
E(B− V ), calculated by combining the upper and lower
limits of the average Hα and Hβ spectrum. Only those
radial velocities with reasonably low values of the un-
certainty are shown, which excludes vLSR . 0 km s
−1
and vLSR & +120 km s
−1. The asterisks are from the
data for the UV bright stars from Reichen et al. (1990),
and have been placed on this diagram using a distance-
velocity conversion from the Galactic rotation curve of
Clemens (1985) with R⊙ = 8.5 kpc. This rotation curve
is used throughout the paper. The vertical dashed line
indicates the location of the tangent point velocity. Pho-
tometric error bars and distance uncertainties for the
stellar data are not provided in Reichen et al. (1990),
but they are likely to be large for the faint, distant stars
at D & 2 kpc, corresponding to a vLSR & +40 km s
−1.
We note that the scatter in the stellar E(B − V ) data is
larger than the uncertainty in the velocity-distance rela-
tion that may be caused by deviations from non-circular
rotation (Lockman 2002b). Therefore, the scatter is
likely related to either the patchiness of the extinction
within this region or observational uncertainties. We find
that our estimates of E(B−V ) match those observed by
Reichen et al. (1990), within this scatter.
4.4. Results
The assumptions that enter into the conversion be-
tween IHα/IHβ and extinction appear valid, and we can
therefore use with confidence our observations to esti-
mate extinction toward the inner Galaxy, well beyond
that provided by stellar measurements (see Fig. 5). Fig-
ure 6 illustrates the low extinction in the window toward
the Scutum cloud. The three maps are of the average
value of IHα/IHβ, calculated by integrating the emission
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over a 25 km s−1 interval, centered at the three indi-
cated velocities. These three velocities are near the lo-
cation of peaks in the emission profiles toward the Scu-
tum cloud, and are associated with the Sagittarius arm,
Scutum arm, and the tangent point velocity. Data with
insufficient signal-to-noise have been omitted from the
figure. The color scaling has been histogram equalized
to enhance the contrast in the maps. The top panel,
centered at vLSR = +50 km s
−1, shows several regions
with relatively low values of IHα/IHβ located below the
plane near l ≈ 17◦, 26◦, and 37◦. The lower two panels,
centered at vLSR = +75 km s
−1 and +100 kms−1, have
much fewer data points due to the lack of measureable
Hα and Hβ emission beyond this velocity in many direc-
tions, at least in part because of significantly increased
extinction. The low extinction region near (ℓ, b) = (26◦,
-3◦) is apparent, which persists in the bottom panel cen-
tered at vLSR = +100 km s
−1.
The maps in Figure 6 can be used to infer the values of
A(V ) out to different distances, in different locations in
the inner Galaxy. However, for directions away from the
Scutum cloud, which is near l = 26◦, the kinematics of
the Galaxy displace the centroids of the emission lines,
from gas at the same distance, toward different veloci-
ties. Some of these velocities are outside the integration
range of each panel in Figure 6. In these directions, the
ratio IHα/IHβ may be an average over the wing of a line,
and the conversion to values of A(V ) and its interpreta-
tion, based on the maps in Figure 6, become unclear. It
is only toward the Scutum Cloud, where emission lines
are centered near the velocities in each panel, that A(V )
can be reliably inferred from these maps. The highest
velocity components toward this window, centered near
vLSR= +100 km s
−1, place the emission at a kinematic
distance D⊙ & 6 kpc. From Figure 6, we see the aver-
age ratio IHα/IHβ centered at this high velocity is ≈ 10,
which corresponds to an A(V ) ≈ 3 at this distance (see
also Fig. 5).
As a further illustration of this low extinction window,
sample spectra toward the Scutum Cloud are shown in
Figure 7. The top panels show the Hα and Hβ spec-
tra, with the shaded regions representing their respective
uncertainties, as in Figure 5. The Hα spectra are the
high intensity, smoother profiles, with the axis labeled
on the left side of the panel. The Hβ spectra are the
weaker, noisier profiles, with the axis labeled to the right
of the panel. The next two panels show the average H I
and CO emission in these directions, from the surveys
of Hartmann & Burton (1997) and Dame et al. (2001),
respectively. The angular resolution of the H I and CO
surveys are 0.5◦, and the spectra in Figure 7 are aver-
ages of the HI and CO observations that lie within the
larger 1◦WHAM beam. The panel below the CO spec-
trum shows the Hα to Hβ intensity ratio, and the bottom
panel shows the inferred values of A(V ) at each velocity
point from equation 5, with the uncertainties indicated
by the shaded regions. Similar to Figure 5, these panels
only show Hα/Hβ and A(V ) over velocities in which the
uncertainties remain relatively low (i.e., data beyond the
tangent point velocity and at vLSR < 0 km s
−1 are not
plotted). The horizontal axes are the observable quan-
tity vLSR (bottom of panel) as well as the inferred corre-
sponding kinematic distance (top of panel). The vertical
dot-dashed line running through all the panels indicates
the location of the tangent point velocity. The horizontal
dashed line in the Hα/Hβ plots is at 3.94, the expected
ratio in the absence of extinction. Note that in all of the
spectra, A(V ) remains flat or increases with velocity, as
expected from the cumulative effects of attenuation with
distance. In two cases, A(V ) starts near zero, providing
additional confidence in both the data reduction proce-
dure and the conversion from IHα/IHβ to A(V ). Note
that some directions exhibit a steep rise in A(V ), sug-
gesting the presence of a strong concentration of dust at
the corresponding distance (see §6).
The measured values of A(V ) at each velocity point al-
lows us to correct our observed Hα profiles for extinction.
Figure 8 shows two spectra, one of which has been cor-
rected for extinction. The ‘observed’ spectrum is an av-
erage of nine spectra toward the window, and is the same
Hα spectrum from Figure 5. Each observed data point
was multiplied by a correction factor of eτHα , where τHα
was determined from the Hβ data. In order to produce
a smooth profile in the corrected spectrum, the average
value of IHα and IHβ over a 25 km s
−1 interval for each
data point was used to compute τHα. Figure 8 shows the
magnitude of the effect of this extinction correction, and
shows that, on average, there may be more emission at
larger heliocentric distances near the tangent point, com-
pared to the solar neighborhood and intervening spiral
arms. Because of the ambiguity in the velocity-distance
relationship in the inner Galaxy, some of the emission
near the tangent point could be from gas that lies beyond
the tangent point. However, this gas is at a larger Galac-
tocentric distance and z-height, where the density, and
contribution the corrected emission measure, is likely to
be lower. The corrected spectrum maintains its multiple
component features, implying enhanced emission from
the Sagittarius and Scutum spiral arms and from the
tangent point.
5. SCALE HEIGHT AND DENSITY OF IONIZED GAS
Correcting the observed Hα emission for extinction al-
lows us to infer some intrinsic properties of the ionized
gas in the inner Galaxy. Since the Hα emission is re-
lated to the emission measure of the gas, EM =
∫
n2edl,
we can extract information about the density and the
vertical distribution of H+ by examining the change in
the measured IHα in both latitude and distance toward
the window. Following the formalism of Haffner et al.
(1999), we assume that the ionized gas has a vertical
distribution about the Galactic plane with the form
ne(z) = n
0
e e
−|z|/H cm−3 (6)
where n0e is the density in the midplane and H is the
scale height. The relationship between the extinction-
corrrected Hα intensity and the gas density is
2.75T 0.94 IHα =
∫
n2edl, (7)
where T4 is the electron temperature of the gas in units of
104 K, and IHα is measured in Rayleighs. If we use φ to
denote the line of sight filling fraction of the emitting gas,
and assume that the temperature, filling fraction, and
path length through an ionized region are not functions
of vertical height z, then we can rewrite equation (7) as
IHα =
φ(n0e)
2L
2.75T 0.94
e−2|z|/H = I0Hα e
−2|z|/H , (8)
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where I0Hα is the extinction-corrected Hα intensity at the
midplane. Finally, we replace z with D⊙ tan|b|, where
D⊙ is the heliocentric distance to the emitting gas at a
Galactic latitude b to obtain
ln IHα = ln I
0
Hα −
2D⊙
H
tan |b|. (9)
We now have a relationship between two observable
quantities, IHα and b, from which we may infer the root
mean square (rms) midplane density φ1/2n0e and scale
height H . Additionally, the low extinction window al-
lows us to isolate emission from different distances and
estimate the density and scale height as a function of
Galactic radius.
Results of these calculations are shown in Figures 9 and
10. Figure 9 shows the observed quantities of (extinction-
corrected) IHα versus b, while Figure 10 illustrates the in-
ferred quantities of φ1/2n0e and H versus z-height. These
data are from spectra toward the low extinction window
shown in Figure 3 that lie below the Galactic plane. In
order to perform a reliable extinction correction, only
those spectra whose integrated intensity exceeded our
average systematic uncertainty of 0.1 R were considered.
The inferred values of A(V ) as a function of velocity were
converted into an optical depth, τHα, at each velocity
point by taking the average value of IHα/IHβ within a
25 kms−1 interval around each point and applying the
relationship in equation (4). This averaging was required
because of the finite width of the emission lines, and be-
cause some averaging is needed to produce smooth pro-
files at low intensities.
In order to convert the observed quantities shown in
Figure 9 to the inferred quantities in Figure 10, the
distance to the emitting gas D⊙ and its pathlength L
must be known. Each panel in Figure 9 shows the
Hα emission integrated over the three velocity inter-
vals, each 25 km s−1 wide, that are centered at vLSR =
+50,+75, and + 100 km s−1. These intervals encompass
the location of the fitted velocity components shown in
Figure 4 and represent emission from the Sagittarius arm,
Scutum arm, and near the tangent point. The emission
within each interval is assumed to occupy a pathlength
L = 1 kpc along the line of sight, centered at heliocen-
tric distances D⊙ = 3.0, 4.5, and 6.0 kpc, respectively.
These distances are consistent with the standard spiral
arm model of Taylor & Cordes (1993) and the Galactic
rotation curve model from Clemens (1985) with R⊙ = 8.5
kpc, as shown in Figure 11. Figure 11 also includes the
relationship between vLSR and D⊙ for a flat rotation
curve, and shows that the kinematic distances we adopt
are not very sensitive to the particular rotation curve
that is assumed. We see that the assumed path length,
L = 1 kpc, is the approximate change in kinematic dis-
tance over a 25 km s−1 interval for all three selected ve-
locity intervals. We note, however, that non-circular ro-
tation as well as random motions associated with spiral
arms, expanding shells, and shear motion may be present
along these lines of sight. The magnitude of these effects
are generally thought to produce distance uncertainties
of less than 10%, but may vary by more than this amount
for any individual sight line (Lockman 2002b). A defini-
tive conversion between emission at a particular velocity
and a specific distance therefore suffers from this uncer-
tainty, and our adopted distances should be understood
as estimates. From equation (9) above, we note that the
inferred scale height H is directly proportional to the
adopted distance D⊙.
In addition, it may be possible that we are detecting
emission from ionized gas beyond the tangent point. This
extremely distant emission would appear at lower ve-
locities with increasing distance and, if present, would
affect the D⊙ = 6.0 kpc emission most, where the ve-
locity ‘turn-around’ occurs (see Figure 11). Since the
overall emission decreases with increasing distance from
the plane, the emission from beyond the tangent point,
if present, would result in an overestimate of the emis-
sion at lower latitudes. However, because the emission
beyond the tangent point, at a fixed latitude, is farther
away from the plane, it is expected to be much fainter
than the emission closer to the Sun. We will assume
that this effect is negligible for the D⊙ = 3.0 and 4.5 kpc
emission, and that for the D⊙ = 6.0 kpc emission, the
inferred midplane density may be overestimated and the
scale height may be underestimated.
For each latitude in Figure 9, there are 2-5 sightlines
and thus a range of values for the extinction corrected
IHα. The small, filled circles in each panel represent in-
dividual observations at different longitudes within the
low extinction window. The larger, open circles repre-
sent the average value of the individual observations at
each latitude. Because there is higher extinction closer
the plane, the extinction correction systematically steep-
ens the slope of the data points. The filled circles provide
a sense of the magnitude of the variation in the data
at each latitude, which is of the same order or smaller
than the formal uncertainty of individual observations.
The solid line in the figure represents a first-order least-
squares fit to the open circles. To estimate the uncer-
tainty in the fit, we assigned a 1σ uncertainty to each
filled circle equal to the maximum deviation of the filled
circles. The dashed lines in the figure show the extent of
the ±1σ uncertainties in the fitted slope (−2D⊙/H) and
intercept (ln I0Hα).
Figure 10 shows the values of these best-fit parame-
ters, with their 1σ uncertainties, converted into the rms
midplane density φ1/2n0e and scale height H . Here, the
vertical axis has been changed to logarithm of the in-
ferred free electron density, using equation (8) and as-
suming Te = 8000 K and L = 1 kpc. The horizontal
axis has been replaced with distance from the Galactic
plane, using the adopted distances D⊙ from above. The
distance to the emission is also expressed with respect
to the center of the Galaxy, RG, using the average longi-
tude of the data, < l > ≈ 26◦. The best fit rms midplane
density increases from 0.54 cm−3 at RG ∼ 6.0 kpc to 1.1
cm−3 at RG ∼ 4.1 kpc. We note that the conversion to
the actual space density ne within the ionized gas suffers
from uncertainty in the poorly constrained path length
and filling factor, with ne ∝ (φ L)
−1/2. The value of φ is
presently unconstrained. Observations in the neighbor-
hood of the Sun of the warm ionized medium, which has
a significantly lower rms density (0.05 cm−3) and larger
scale height (1 kpc) than the ionized gas found here, show
that it has a filling factor of φ ≈ 0.1 − 0.3 (Reynolds
1991b; Nordgren et al. 1992; Mitra et al. 2004).
If the product φL does not change considerably with
distance, then the data in Figure 10 indicate that the
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electron density increases toward the Galactic center,
although the uncertainty is large for the value inferred
nearest to the Galactic center. These results also show
that the inferred scale height of the gas, which is com-
puted from the fitted slope, increases toward the Galactic
center from H ≈ 190 pc at RG ∼ 6.0 kpc to H ≈ 300 pc
at RG ∼ 4.1 kpc, although there is some overlap in the
uncertainties.
Because the densities and scale heights derived above
are significantly different from those derived for the WIM
near the Sun, we hesitate to formally identify the emis-
sion toward this window with the WIM. This emission
appears to characterize ionized gas that is intermediate
between the low density, large scale height WIM and
the so called Extended Low Density (ELD) H II regions,
which have densities ne ≈ 5− 10 cm
−3 and scale height
H ≈ 100 pc and are detected through radio observations
(Mezger 1978), and Br-γ recombination (Kutyrev et al.
2003). Future studies that characterize the properties of
ionized gas in the inner Galaxy out to much higher lati-
tudes may help to clarify the nature of this emission and
its relationship to the WIM.
6. RELATIONSHIP BETWEEN IONIZED AND
NEUTRAL GAS
The relationship between H II and H I, two princi-
pal states of interstellar gas within the large-scale diffuse
ISM, has yet to be established. The H II may be con-
fined to the outer envelopes of H I clouds embedded in
a low-density, hot ionized medium (McKee & Ostriker
1977); the H II may be the fully ionized component of a
widespread warm neutral medium (Miller & Cox 1993);
or the H II may be well mixed with H I in partially ion-
ized clouds (Spitzer & Fitzpatrick 1993).
An examination of the Hα and H I spectra toward the
window, samples of which are shown in Figure 7, offer
a starting point for such a study. However, these lines
of sight are close to the Galactic plane, where much of
the gas may be in molecular form, and where the pres-
ence of multiple, interacting sources of ionization may be
influencing the dynamics and ionization of the gas in a
complicated way. Furthermore, the relatively small size
of the window (≈ 30 deg2) compared to the angular reso-
lution of the Hα and H I observations (∼ 1 deg2) limits a
morphological comparison of the two phases. Neverthe-
less, some general spectral correlations seem to hold true
in this region and provide some insight in the relationship
between the H I and H II.
From an examination of all of the Hα and H I spec-
tra in the direction of the Scutum cloud, we find that in
most cases, kinematically distinct emission components
from H II appear near the same velocity as the warm
(broad) neutral H I components, and that these velocity
components correspond to the Sagittarius and Scutum
spiral arms. However, there is little or no correlation
between the strengths of the H II and warm H I emis-
sion. This is consistent with the likely ionization mech-
anism of hydrogen. If the H II is photoionized, then as
long as the H I is opaque to Lyman continuum photons
(NHI & 10
18 cm−2), the emission measure from Hα is re-
lated only to the intensity of the ionizing flux and is thus
unrelated to the total column density of H I. Interest-
ingly, there are some directions in which very little high
velocity H I emission is present, yet there is substantial
Hα emission. An example of this is seen in the inner
Galaxy near vLSR = +100 km s
−1 in the three rightmost
panels of Figure 7. This comparison would look even
more dramatic if the 21 cm spectrum were compared to
extinction corrected Hα profiles, as shown in Figure 8.
These observations suggest that the ISM is substantially
ionized in these regions, with the H I perhaps confined
to small, unresolved H I clouds that populate the inner
Galaxy (Lockman 2002a).
We can compare the column densities of the ionized
and neutral gas. The midplane rms space density of elec-
trons at different distances, over 1 kpc intervals, is esti-
mated in §5 and shown in Figure 10. Multiplying these
space densities by 1 kpc yields midplane column densi-
ties NH+ = 1.7φ
1/2, 2.3φ1/2, and 3.3φ1/2 × 1021 cm−2
at heliocentric distances D⊙ = 3.0, 4.5, and 6.0 kpc,
respectively. Integrating the average H I spectra at
b = 0◦ between 22◦ < l < 28◦ from Hartmann & Burton
(1997) over the same velocity/distance intervals, yields
midplane column densities NHI = 3.1, 2.9, and 3.5 ×
1021 cm−2. We note that column densities of H+ are up-
per limits, because its volume filling fraction φ is less than
1. In addition, the column densities of H I may be lower
limits, because of potential H I self-absorption features
in H I spectra near the Galactic plane (e.g. Gibson et al.
2000). Therefore, the fraction of gas that is ionized,
NH+/(NH+ + NHI), at each of these locations in the
inner Galaxy are upper limits. If φ and 21 cm absorp-
tion effects are the same at all distances, then the relative
amount of H II increases toward the Galactic center, with
values of NH+/(NH+ +NHI) given by 0.35 : 0.44 : 0.49
at RG ∼ 6.0, 4.9, and 4.1 kpc, respectively.
The extinction-corrected values of IHα are a direct
measure of the flux of Lyman continuum photons (e.g.,
Tufte et al. 1998). An H I cloud illuminated on one side
by a flux FLC of ionizing photons emits one Hα photon
for every 2.05 Lyman continuum photons absorbed, pro-
vided the gas is optically thick to the Lyman continuum
photons and optically thin at Hα (Osterbrock 1989). For
a cloud embedded in a uniform field of Lyman continuum
radiation, the intensity of Hα is increased by a factor of
2, because there are two illuminated surfaces in projec-
tion. Therefore IHα toward a collection of NC clouds
bathed in a Lyman continuum flux FLC is given by
FLC = 2.05× 10
6 IHα
2NC
photons cm−2 s−1 (10)
with IHα measured in Rayleighs. From the fits shown
in Figure 9, our observations indicate that the ex-
tinction corrected midplane Hα intensity is I0Hα ≈
130, 250, and 490 R at heliocentric distances D⊙ =
3.0, 4.5, and 6.0 kpc, respectively. This corresponds
to a one-sided Lyman continuum flux of FLC =
1.3/NC, 2.6/NC , and 5.0/NC × 10
8 photons cm−2 s−1.
If there is the same number of clouds present in each
1 kpc interval over which IHα was measured, then the
flux of ionizing radiation increases by a factor of 4 from
RG ∼ 6.0 kpc to RG ∼ 4.1 kpc.
Thus both the Lyman continuum flux and the frac-
tional amount of H+ appear to increase toward the in-
ner Galaxy. This is consistent with many observations
that suggest an increase in star formation activity in the
Galaxy interior to the solar circle.
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7. RELATIONSHIP BETWEEN GAS AND DUST
In addition to the Hα and H I spectra, a relationship
appears to exists between features in the molecular CO
emission spectra and values of A(V ) derived from the
optical Hα and Hβ emission. Samples of these data are
shown in Figure 7. As discussed in §4, A(V ) remains flat
or increases with velocity (distance) in all directions, con-
sistent with the cumulative effects of extinction with dis-
tance. In some cases, a sharp rise in A(V ) is evident, in-
dicative of the presence of a dense concentration of dust.
The leftmost panel in Figure 7, near vLSR = +60 km s
−1,
shows an example of this. Not suprisingly, we find strong
CO emission at the same velocities as this sharp rise
in A(V ), confirming the well-known correlation between
the presence of molecular gas and interstellar dust. In
other cases, such as in the second panel from the left in
Figure 7, A(V ) rises smoothly in the absence of strong
CO emission, suggesting that interstellar dust is more
smoothly distributed along the line of sight.
These independent measurements of the extinction,
when combined with H I and CO spectra, allow us to
quantify the relationship between the dust and gas con-
tent toward the window. Bohlin et al. (1978) investi-
gated the relationship between the color excess E(B−V )
and the total neutral hydrogen column density, NH =
NHI + 2NH2 , toward a population of several nearby
(d . 2 kpc) hot stars. Their observations traversed sight-
lines with E(B − V ) < 0.5, from which they determined
a “definitive value” of NH/E(B − V )= 5.8× 10
21 atoms
cm−2 mag−1. This quantity is cited often and is used
to estimate color excesses (and extinction corrections)
for objects in which E(B − V ) cannot be determined
directly.
The lines of sight to the low extinction window con-
tain substantially more dust and gas than those studied
in Bohlin et al. (1978). However, the same kind of anal-
ysis can be made, and it can be compared with their
canonical value. Any cumulative change in this value
over a very long distance can also be assessed. Figure 12
summarizes this analysis. The top panel shows the av-
erage Hα and Hβ spectra toward five lines of sight to-
ward the Scutum cloud. As with the previous figures,
the total uncertainty in the spectra are shown as the
shaded regions around the spectra, and the Hβ spec-
tra have been multiplied by 3.94, the ratio of IHα/IHβ
in the absence of extinction. These five directions were
chosen because of their low uncertainty in A(V ), pres-
ence of high-velocity emission, and low CO emission
line strength. This increased the accuracy of our de-
termination of NH/E(B − V ), and avoided directions
where CO self-absorption may be present (Minter et al.
2001; Jackson et al. 2002). The second and third pan-
els show the average H I and CO spectra within the
WHAM beam in these directions, from the surveys of
Hartmann & Burton (1997) and Dame et al. (2001), re-
spectively. The straight line at high velocities in the CO
spectra indicate a lack of data at those velocities. The
fourth panel shows the cumulative column density of H I,
along with H I + 2H2, as a function of distance in units
of 1021 cm−2. This is calculated by integrating the H I
and CO spectra from vLSR ≈ −20 km s
−1 out to each
velocity point, using a CO-to-H2 mass conversion factor
of X = 1.8× 1020 cm−2 (K km s−1)−1 from Dame et al.
(2001). We note that while the CO spectra appear quite
noisy, there exists a positive signal which significantly
contributes to the total neutral hydrogen column den-
sity at the higher velocities. The fifth panel shows the
inferred values of the color excess E(B − V ) along with
its uncertainty. The values of E(B − V ) are only shown
over the velocity interval in which the uncertainties are
low. The bottom panel shows the ratio of E(B−V )/NH,
in units of mag per 1021 cm−2, along with a solid hor-
izontal line at the location of the canonical value from
Bohlin et al. (1978). Note that this is the inverse of the
quantity NH/E(B−V ) discussed in Bohlin et al. (1978).
Out to vLSR ≈ +80 km s
−1, our derived value agrees
with the value from Bohlin et al. (1978). Beyond this
velocity, there is an increase in the amount of extinction
per unit hydrogen column density, by about a factor of
two. As seen in Figure 12, this is the result of an in-
crease in E(B−V ). We note that the potential presence
of very faint, broad Hα and Hβ emission in the spectra
would have been removed by our continuum subtraction
process, particularly at the highest velocities. This ef-
fect would result in an underestimate of the Hα emission
relative to Hβ, and would increase the derived value of
E(B − V )/NH over its already enhanced value. In ad-
dition, since we are measuring the cumulative extinction
and column density, this increase suggests that the local
value of this number in the inner Galaxy, at D⊙ & 5 kpc,
is even higher than the observed value of ≈ 0.3 mag per
1021 cm−2. If a constant, elevated value is present only
over the last third of the distance out to the tangent
point, as the figure suggests, than the local value near
the tangent point is ≈ 0.6 mag per 1021 cm−2, more
than 3 times greater than the value near the Sun.
Recent work by Lockman & Condon (2005) have found
the opposite trend toward regions with very low red-
dening. Using high sensitivity H I observations at high
Galactic latitude, they find that E(B − V )/NH ≈ 0.1
mag per 1021 cm−2, which is almost half of the canonical
value. Their data included sightlines with H I column
densities that are ≈ 10 times below those included in
Bohlin et al. (1978). When combined with our results, it
appears that the amount of reddening per unit hydrogen
atom in the Galaxy is not a constant. Another param-
eter, perhaps related to the total NH and/or Galactic
environment, may be important in understanding the re-
lationship between E(B − V ) and NH.
We note that although our derived values within 4
kpc of the Sun fall near the canonical value, there are
several uncertainties in this analysis. Most importantly,
Bohlin et al. (1978) were able to directly measure both
E(B − V ) through stellar photometry as well as NH
through UV absorption lines, whereas we have used
IHα/IHβ as a proxy for the extinction, and the emis-
sion lines from H I and CO to estimate the total neutral
hydrogen column. To address some of the caveats regard-
ing our estimates of the extinction, particularly with the
potential blending of the emission components, we have
modeled the average Hα and Hβ spectra as a sum of
multiple Gaussian components, and compared the ratio
of these individual components to the smooth curve of
E(B − V ). Each of the five Hα spectra were fitted with
five components, with fixed widths of 25 km s−1. The Hβ
spectra were fitted by fixing both the width and location
of the components, as determined from the fit to the cor-
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responding Hα spectra, since this emission comes from
the same atoms. The ratio of each of these components
was converted into E(B − V ), and these are shown as
dark circles in the fifth panel of Figure 12. This method
yields ratios that are consistent with the smooth, aver-
age curve, showing that the blending of the emission lines
is not an important effect. In addition, the relationship
between IHα/IHβ and E(B − V ) is not very sensitive to
potential changes in RV along these lines of sight toward
the inner Galaxy, as discussed in §4.
Our calculation of NH is also subject to some uncer-
tainty. The intensity of CO spectra are near the level
of the quoted uncertainty in the CO survey. However,
when integrated over all velocities, the integration yields
a result several standard deviations away from the noise.
The uncertainty in the cumulative CO emission is small-
est at the highest velocities. The subsequent conversion
from this value to an H2 column density is not very well
constrained. The conversion factor, X , is known to vary
in different environments, particularly in regions with
non-solar metallicities, as is the case in the inner Galaxy
(Wilson 1995; Simpson et al. 2004). The higher metal-
licity in the inner Galaxy would result in a conversion
that overestimates the actual NH2 at the higher veloc-
ities, which in turn would further increase our derived
value of E(B − V )/NH over its already enhanced value.
However, by selecting directions with low CO emission
line strengths, we may have introduced a bias in our re-
sults which may not hold true for other sightlines in the
inner Galaxy.
If the dust properties in the ionized gas are similar to
those in the neutral medium, then the increasing fraction
of H+ toward the inner Galaxy (§6) would correspond-
ingly increase E(B−V )/NH. However, the 40% increase
derived for NH+/(NH++NHI) is far too small to account
for a factor of three increase in E(B − V )/NH.
The uncertainty in the beam filling factor of H I and
CO emission within the 1◦ WHAM beam also may bias
our results. These measurements were taken with a sin-
gle dish telescope, and therefore clumping of the emission
into small knots can change the interpretation of the
data. For example, consider a ‘two-phase’ medium, in
which the column density of dust and neutral gas are bi-
modally distributed between two values in the beam. For
a fixed average column density, this clumpiness results in
differentially more light passing through the lower extinc-
tion regions, reducing the effective optical depth. Our
analysis of E(B − V )/NH has assumed that the radio
emission is smoothly distributed over some path length
within the beam. If this is not true, then our derived val-
ues of E(B − V )/NH should be considered lower limits,
with this ratio elevated toward higher-density ‘clumps’
within a 1◦ beam. The observed variation in the total
column density of CO and H I among the five beams vary
by a factor less than 2. If a density contrast of a factor
of 2 between two ‘phases’ is present within a beam, then
for an average total column density of 4 × 1021 cm−2,
the effective E(B − V )/NH is reduced by 10% at most,
for all values of the relative areal filling factor of the two
phases. A reduction by 50% is not reached until the
density contrast reaches 10, and then only for a limited
range in areal filling factors. We conclude that our val-
ues of E(B − V )/NH are not strongly affected by such
systematic uncertainties.
8. PHYSICAL CONDITIONS OF THE IONIZED GAS
Observations of the emission lines of [N II], [S II],
and [O III] can be used to explore the physical condi-
tions of gas by comparing the strength of these lines to
that of Hα. For example, [N II]/Hα traces variations
in the electron temperature of warm ionized gas, assum-
ing that the gas is photoionized and that that ionization
fraction of N+/N is not changing (Haffner et al. 1999;
Reynolds et al. 1999). The line ratio of [S II]/[N II] is
nearly temperature independent and can be used to es-
timate the ionization fraction of S+/S, while the ratio
[O III]/Hα is a measure of the higher ionization states
of the gas. These lines have been used to characterize
diffuse warm ionized gas within ≈ 2 kpc of the Sun (e.g.,
Haffner et al. 1999). Observations of these lines toward
the low extinction window provide a new and unique op-
portunity to examine the potential changes in the phys-
ical conditions of the gas toward the inner Galaxy.
Results from some of our observations of these lines are
shown in Figure 13. Spectra taken at the same latitude
within the window have been averaged over longitude
and appear in each of the panels in the figure. The left
panels shows the spectra of Hα (black), [N II] (red), and
[S II] (green) with increasing |b|, where [N II] and [S II]
have been multiplied by 2 to facilitate the comparison
of the relative line strengths. The right panel shows the
spectra of Hβ (black) and [O III] (purple), where [O III]
has been multiplied by a factor of 10 for comparison.
The similarity of wavelengths for spectra in each of the
two panels greatly reduces the effect of extinction on the
relative line strengths.
There are several interesting trends in the data. While
the Hα emission becomes weaker at higher |b|, both
[N II]/Hα and [S II]/Hα increase. At a given latitude,
[S II]/[N II] tends to decrease with increasing distance
(velocity). This effect is greatest for the b = −4.3◦ data.
There are significant changes in [O III]/Hβ with both lat-
itude and distance. At b = −1.7◦, there are two velocity
components in the [O III] spectrum that correspond to
components in the Hβ spectrum, with [O III]/Hβ ∼ 0.05
for both components. With increasing distances from the
plane, [O III]/Hβ associated with gas in the inner Galaxy
(near the tangent point) increase by a factor of four or
more, from 0.05 at b = −1.7◦ (z = −180 pc) to about
0.2 at b = −4.3◦ (z = −450 pc).
A more quantitative description of these line ratios are
shown in Table 1. The spectra have been integrated over
four discrete velocity intervals, centered at +25, +50,
+75, and +100 km s−1, with a width of 25 kms−1. The
Hα and Hβ data were used to estimate the extinction
A(V ) as discussed above. The extinction at the wave-
lengths of the other emission lines was calculated from
Cardelli et al. (1989). All of the data in the table have
been corrected for extinction, and the line ratios are given
in energy units.
We find that [N II]/Hα increases from ∼ 0.4 to ∼ 0.6
as b decreases from −1.7◦ to −4.3◦, at all velocities. This
variation could be due to changes in the ionization state
of N, the abundance of N, or the temperature. If it is only
temperature that is changing, then the data suggest that
Te increases from ∼ 7000 K to ∼ 8000 K with increasing
height above the plane, assuming N/H = 7.5×10−5 and
N+/N = 0.8 (Meyer et al. 1997; Sembach et al. 2000).
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This increase in temperature in regions of lower Hα emis-
sion, or lower density, is consistent with several similar
observations throughout the WIM (Haffner et al. 1999).
However, the abundance of N, relative to H, changes
with distance from the Galactic center (Afflerbach et al.
1997), with N/H greater by about a factor of 1.8 in the
inner Galaxy (Simpson et al. 2004). In this case there is
an increase in Te of about ∼ 700 K from b = −1.7
◦ to
-4.3◦, and the overall temperatures are lower by about
1000 K than those quoted above.
The interpretation of [S II]/[N II] also suffers from an
uncertainty in the assumptions about the physical state
of the gas. However, if variations in [S II]/[N II] are
due only to changes in the ionization fraction of S+/S
(i.e., N+/N is constant), then the data suggest that
S+/S increases from ∼ 0.25 to ∼ 0.4 with increasing
|b| for the nearby gas, and is relatively constant at ∼
0.25 in the inner Galaxy, assuming S/H = 1.86×10−5
(Anders & Grevesse 1989).
The [O III] data for the inner Galaxy show a defini-
tive increase in [O III]/Hα with increasing distance from
the plane. This increase in the inner Galaxy is much
larger than the uncertainty in the line ratios and is in
contrast to other observations of the WIM in the solar
neighborhood that show [O III]/Hα decreasing with dis-
tance above the plane (Madsen et al. 2005, in prepara-
tion). The line ratios are all less than ∼ 0.06, which is
consistent with other observations in the diffuse WIM,
and is considerably less than what is observed in tradi-
tional H II regions. The increase in [O III]/Hα with |b|
could be due to several effects, including an increase in
temperature or contributions from shock ionization (i.e.,
increase in the abundance of O++). An increase in T by
1000 K (see above) would increase the [O III]/Hα ratio
by about a factor of 2, which is much less than what is
observed (Table 1). This suggests that the O++/H+ ra-
tio also increases with increasing |z| in the inner Galaxy,
as has been suggested by observations in other galaxies
(e.g., Rand 1997).
9. SUMMARY
We have detected diffuse Hα emission from warm ion-
ized gas toward the inner Galaxy at velocities that place
the gas near the tangent point. Observations of the
Balmer decrement confirm that we are seeing optical
emission a few degrees away from the Galactic plane at
heliocentric distances greater than ≈ 6 kpc. We have
characterized the extinction in this region and identified
a ∼ 5◦×5◦ low extinction window centered near (ℓ, b)=
(27◦, -3◦) with a total A(V ) ∼ 3 out to the tangent point.
This unique window into the inner Galaxy provides an
opportunity to investigate potential changes in the na-
ture of the diffuse interstellar medium in different Galac-
tic environments using optical nebular emission line diag-
nostic techniques. The Hα and Hβ spectra have emission
line profiles that are consistent with emission from the
local neighborhood, the Sagittarius spiral arm, the Scu-
tum spiral arm, and beyond. We have used a model for
the rotation of the Galaxy to infer a distance to these
emission components, and to derive the distribution and
density of the gas. The rms midplane density and the
scale height increase toward the center of the Galaxy,
with φ1/2n0e ≈ 0.54, 0.75, and 1.1 cm
−3 and H ≈ 190,
270, and 300 pc at RG ∼ 6.0, 4.9, and 4.0 kpc, respec-
tively. A comparison between Hα and H I emission in
this window suggests that the warm ionized gas may be
associated with the surfaces of warm neutral gas clouds.
The Hα and H I data also suggest that the flux of Ly-
man continuum radiation increases by a factor of ≈ 3
and the fraction of hydrogen that is ionized increases by
a factor of ∼ 1.5 from RG = 6 kpc to 4 kpc toward the
inner Galaxy. We have combined our extinction mea-
surements with H I and CO data and found that within
∼ 6 kpc of the Sun, the amount of extinction per unit
neutral hydrogen, E(B−V )/NH is similar to the canon-
ical value of Bohlin et al. (1978). We also found evi-
dence that this ratio increases by a factor of ≈ 2-3 at
a Galactocentric radius RG . 4 kpc, and suggest that
E(B−V )/NH varies with Galactic environment. Obser-
vations of emission from the other ions of [N II], [S II],
and [O III] suggest that the temperature and ionization
state of the gas in the inner Galaxy increases with in-
creasing distance from the Galactic plane.
Traditional studies of extinction in the Galaxy, through
star counts and stellar spectrophotometry, are focused
toward directions of the sky containing stars with reliable
distances and sufficient brightness, limiting these tech-
niques to distances of about 2 kpc. The method of using
the Balmer emission line decrement from diffuse ionized
gas, presented here, has the advantage of being able to
measure the extinction out to much larger distances, pro-
vided there is strong enough emission and/or low enough
extinction, as in the case of the Scutum Cloud. This ap-
proach is most reliable for patches of diffuse emission at
the largest distances, and is best suited for mapping out
extinction toward distant, low A(V ) windows, comple-
menting the locally derived extinction from stellar data.
This technique is also limited to directions in which the
relationship between velocity and distance can be reliably
determined. Several models for the distribution of A(V )
in the Galaxy exist, and employ a variety of observational
and theoretical, and semi-empirical methods over a range
of optical and infrared wavelengths (Schlegel et al. 1998;
Hakkila et al. 1997; Drimmel et al. 2003). A large survey
of Hα, Hβ, and perhaps Br-γ near the Galactic plane, us-
ing the observational technique described here, will help
constrain these models and may lead to a more accurate
understanding of the three dimensional structure of gas
and dust in the Galaxy.
The origin of this large window is not clear. The total
neutral atomic hydrogen column density, as measured
through the 21 cm emission line, is not substantially
lower in this window compared to regions around it, al-
though H I self-absorption and 21 cm emission from be-
yond the tangent point must also be considered. Velocity
channel maps of H I do not show evidence for a cavity or
supershell, as has been found in the Scutum supershell
near (ℓ, b)= (18◦, -4◦) (Callaway et al. 2000). Emission
from CO is elevated in some regions outside the win-
dow, consistent with the well-known correlation between
the presence of optically obscuring dust and molecular
gas. However, diffuse infrared emission is neither en-
hanced nor suppressed substantially toward the window,
as seen in maps from the IRAS and MSX instruments.
There is no enhancement in the X-ray emission maps
from ROSAT, although the large columns of H I would
absorb most of the soft X-rays from the inner Galaxy.
Future spectroscopic investigations toward this area of
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the Galaxy, including deep spectrophotometry of distant
stars, may help to understand the origin of this window
as well as the nature of the gas, dust and stars in the
inner Galaxy.
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Low Extinction Window into Inner Galaxy 15
Fig. 1.— Hα map and spectra from the WHAM-NSS toward the inner Galaxy. The large dark feature in the middle of the map is the
Aquila rift, a nearby dust cloud (d ≈ 250 pc) that is obscuring the Hα emission behind it with vLSR > +25 km s
−1. The three diagrams
below the map show the Hα spectra toward the indicated directions, revealing the change in the obscuration of emission from the local
neighborhood (0 kms−1), the Sagittarius arm (+50 km s−1), and the Scutum arm (+80 km s−1). Note the significant change in the
intensity scale between these spectra. The green box is the low extinction window toward the ‘Scutum Star Cloud’ with emission out to
the tangent point velocity.
16 Madsen and Reynolds
Fig. 2.— Histogram equalized map of Hα and Hβ emission toward the inner Galaxy at high velocity, with +85 km s−1 <
vLSR < +115 km s
−1. The spectra near (ℓ, b) = (27◦,−3◦) have an emission line centered near vLSR ≈ +100 km s
−1, suggesting
that we are seeing emission out to the tangent point at a heliocentric distance D⊙ & 6 kpc.
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Fig. 3.— Combination of spectral and spatial information for 51 directions which show Hα emission at vLSR & +100 km s−1. Each
square shows a full Hα and Hβ spectrum and location of that spectrum on the sky. The emission is shown over a fixed velocity range, -50
km s−1 to +150 kms−1 in each spectrum, with an arbitrary vertical scale. The Hβ spectra have been multiplied by 3.94, the expected
ratio of Hα/Hβ in the absence of extinction. Note the increase in Hβ/Hα, or decrease in A(V ), with increasing angular distance away from
the Galactic plane and at lower vLSR. For two directions no reliable Hβ spectra were obtained.
18 Madsen and Reynolds
Fig. 4.— Histogram of the component velocities for the Hα spectra in the low-extinction window shown in Figure 3. The velocities were
determined through a least-squares fit of Gaussian profiles to the spectra. The width of each bin is 12.5 km s−1. There are two peaks near
0 km s−1 and +50 kms−1, corresponding to emission from the solar neighborhood and the Sagittarius spiral arm, respectively.
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Fig. 5.— Comparison of extinction measurements with those of Reichen et al. (1990) toward the Scutum cloud. The top panel shows the
average of nine Hα and Hβ spectra within the low E(B − V ) area outlined by (Reichen et al. 1990), with the shaded regions representing
the systematic uncertainties. The bottom panel shows the inferred value of E(B − V ) from the Hα and Hβ spectra. The asterisks are
measured values of E(B − V ) for several UV bright stars in this area, where the distance to each star was converted to an LSR velocity
using the rotation curve of Clemens (1985). The dashed vertical line is the location of the tangent point velocity. We find that the two
data sets agree within the uncertainties.
20 Madsen and Reynolds
Fig. 6.— Three velocity channel maps of the average ratio of IHα/IHβ at vLSR= +50 km s
−1, +75 km s−1, and +100 km s−1, over
a width of 25 kms−1. Observations with large uncertainties have been omitted. Note the area of low IHα/IHβ near (27
◦, -3◦), in which
the extinction remains low out to near the tangent point velocity.
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Fig. 7.— Sample of spectra for four sightlines in this study, along with other tracers of the ISM. Notice the increase in A(V ) with
increasing distance/velocity, and the relationship between the shape of the A(V ) curve and the H I and CO spectra (see §4.4).
22 Madsen and Reynolds
Fig. 8.— Comparison of the observed and extinction corrected Hα emission toward the window. The observed spectrum is the average
of the same nine spectra used in Figure 5. The optical depth at each velocity data point was inferred from the average ratio of IHα/IHβ
in a 25 km s−1 window around each data point (see §4.4). Note the particularly strong emission at vLSR ≈ +105 kms
−1, which is near
the tangent point velocity.
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Fig. 9.— Extinction-corrected Hα emission vs. angular distance from the Galactic plane for emission at three different radial velocity
intervals. The assumed heliocentric distances D⊙ to the emission regions are also shown. A best fit line to the data and the uncertainty is
shown as solid and dashed lines, respectively (see §5).
24 Madsen and Reynolds
Fig. 10.— Same as Figure 9, except the observable quantities of IHα and b have been converted into the physical quantities of density
ne and vertical height z, as described in §5. The best-fit values for the rms midplane density φ1/2n0e and scale height H are shown in the
upper left. The assumed distance from the center of the Galaxy to the gas described by these physical parameters is also shown.
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Fig. 11.— Relationship between LSR velocity and heliocentric distance toward (ℓ, b) = (26.5◦,−2.5◦) for two different rotation curves.
The rotation curve from Clemens (1985) and a flat curve, assuming Ω = 220 km s−1 and R⊙ = 8.5 kpc, are represented by the solid and
dashed lines, respectively. The three hatched regions show the extent of our assumed distances to the Hα emission over three different
velocity intervals, as discussed in §5.
26 Madsen and Reynolds
Fig. 12.— Comparison of E(B − V )/NH toward the low extinction window from our data with the canonical value from Bohlin et al.
(1978). The H I and CO data are from Hartmann & Burton (1997) and Dame et al. (2001), respectively. The bottom panel, with
E(B − V )/NH given in units of mag per 10
21 cm−2, shows good agreement between our data (shaded) and the Bohlin et al. (1978) value
(straight line), with evidence for a larger extinction per unit hydrogen atom in the inner Galaxy (see §7).
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Fig. 13.— Emission line spectra toward the window. Thirteen sightlines were observed in emission lines that probe the temperature and
ionization state of the gas. The left panel shows the average Hα (black), [N II] (red), and [S II] (green) spectra at each latitude. The right
panel is the same, but for Hβ (black) and [O III] (purple). Some of the spectra have been multiplied by the indicated values to facilitate
a visual comparison of the profiles. Note the increase in [N II]/Hα and [S II]/Hα with increasing distance from the plane. Also note the
large increase in [O III]/Hβ with distance from the plane at high velocities (i.e., in the inner Galaxy).
28 Madsen and Reynolds
TABLE 1
Summary of [N II], [S II], and [O III] Observations
vLSR
a b
-1.7◦ -2.6◦ -3.4◦ -4.3◦
+25 kms−1 IHα [R] 22.8 11.9 8.8 6.4
[N II]/Hα 0.39 0.48 0.58 0.61
[S II]/Hα 0.19 0.28 0.38 0.42
[S II]/[N II] 0.47 0.58 0.66 0.69
[O III]/Hα 0.006 0.007 0.002 0.002
+50 kms−1 IHα [R] 44.7 34.2 15.1 9.8
[N II]/Hα 0.37 0.40 0.54 0.61
[S II]/Hα 0.15 0.20 0.29 0.33
[S II]/[N II] 0.41 0.50 0.54 0.54
[O III]/Hα 0.010 0.013 0.018 0.042
+75 kms−1 IHα [R] 30.9 23.6 25.2 19.8
[N II]/Hα 0.41 0.39 0.48 0.56
[S II]/Hα 0.17 0.17 0.22 0.25
[S II]/[N II] 0.42 0.44 0.45 0.45
[O III]/Hα <0.000 0.010 0.018 0.024
+100 km s−1 IHα [R] 56.3 44.6 27.4 19.8
[N II]/Hα 0.40 0.44 0.49 0.57
[S II]/Hα 0.17 0.18 0.22 0.23
[S II]/[N II] 0.42 0.40 0.43 0.40
[O III]/Hα 0.002 0.018 0.037 0.065
a Emission is averaged over longitude, and integrated over a
25 km s−1 interval centered at the given velocity. All of the
data have been corrected for extinction, and the line ratios are
given in energy units.
